This paper evaluates the ability of a regional-scale climate model to simulate precipitation over the South Asian tropical region. Experiments were conducted using three different spatial resolutions, with and without cumulus parameterization (CP), to assess the influence of horizontal mesh size and the CP on regional-scale precipitation. The experiments that used a finer mesh size but no CP improved the spatial distribution of monthly precipitation relative to that in the experiments based on a coarser spatial resolution. Meanwhile, the impact of horizontal mesh size was much less in the experiments that included the CP because an overestimation of precipitation caused by the CP strongly affected the simulation accuracy in these experiments. Regional differences in diurnal variations in precipitation intensity and frequency were captured reasonably well in the pre-monsoon season regardless of the spatial resolution, and both with and without the CP. In contrast, the diurnal characteristics of precipitation were difficult to simulate during the mature monsoon season. During both seasons, those experiments that incorporated the CP tended to predicted a continuous weak precipitation due to the excessive release of convective instability; accordingly, precipitation intensity was weaker, and precipitation frequency greater than in those experiments that did not use the CP.
Introduction
Numerical experiments based on regional climate models are used to diagnose precipitation processes because they provide certain physical parameters that are difficult to observe. The spatial resolution of these numerical experiments is an important aspect of the successful simulation of regional-scale precipitation (e.g., Sato et al. 2008; Prein et al. 2015) . When computational resources are limited, a spatial resolution of coarser than 10 km is commonly used to obtain the climatological ensemble mean of physical variables, in which case a cumulus parameterization (CP) should be used to represent sub-grid-scale precipitation (e.g., Cruz et al. 2016) . In contrast, a microphysical process and a triggering of cloud convection are explicitly calculated in experiments using a fine mesh size (e.g., Prein et al. 2015) , resulting in an improvement in the thermodynamical processes associated with cumulus convection. A finer mesh size also improves the computation of orographic precipitation because it can resolve the dynamical effect of mountains on heavy precipitation (Leung and Qian 2003; Langhans et al. 2011) . For these reasons, improved performance is expected from numerical models in experiments using a higher spatial resolution without the CP, relative to experiments using a coarse mesh size but with the CP.
Over south Asia, precipitation characteristics change significantly with the seasons, with the dominance of deep convective precipitation during the pre-monsoon season, but the frequent occurrence of precipitation caused by stratiform and shallow convective clouds through the mature monsoon season (Kodama et al. 2005; Islam and Uyeda 2008) . Typically, there is also a well-defined diurnal variation in this region. Precipitation occurs during the afternoon and early morning over the southern plain in Bangladesh (Ohsawa et al. 2001; Islam et al. 2004; Terao et al. 2008) , whereas the southerly monsoon flow and low-level jet tend to generate nocturnal precipitation over the northern mountainous areas (Barros and Lang 2003; Kataoka and Satomura 2005; Terao et al. 2006; Murata et al. 2008; Sato 2013) . These seasonal differences in precipitation over South Asia, together with the remarkable diurnal variations, allow us to evaluate the impact of CPs on precipitation simulations. Over the tropical Asian monsoon regions, climate experiments without CP and a resolution finer than 10 km have successfully simulated diurnal precipitation cycles (e.g., Takahashi et al. 2010; Sugimoto and Takahashi 2016) . However, it remains unclear whether the CP or the spatial resolution has the greater impact on the simulated precipitation.
Therefore, in this paper we investigate the performance of a regional climate model in simulating precipitation in this area, and focus on the effects of spatial resolution and the presence or absence of the CP. In particular, we examine the spatial distribution of monthly precipitation and diurnal variations in precipitation intensity and frequency. To highlight any systematic problems, we conducted multi-year climate simulations rather than simulations of specific events or at the monthly scale.
Model and numerical setup
We used the Weather Research and Forecasting (WRF) model version 3.5.1 (Skamarock et al. 2008) , which is a non-hydrostatic model, to evaluate the precipitation patterns simulated by a series of experiments run with and without a CP. The numerical setup is summarized in Table S1 . Experiments were run with horizontal mesh sizes of 20, 10, and 5 km (20km_exp, 10km_exp, and 5km_ exp, respectively) , that were designed to assess differences in the performance of the WRF model related to the spatial resolution (Fig. 1) . The analysis period covered six months from April 1 to September 30 for all experiments, and included two different seasons: the pre-monsoon (April and May) and mature monsoon (July and August) seasons.
The physical schemes used are listed in Table S1 . For all spatial mesh sizes, two experimental setups were used to investigate the effect of the CPs on the model's ability to simulate precipitation: The first was based on the Grell 3D ensemble scheme (Gr; Grell and Devenyi 2002) , whereas the second did not use a CP (NC). In addition, experiments based on the Kain-Fritsch (KF; Kain 2004 ) and the Betts-Miller-Janjic (Be; Janjic 1994) schemes were run under the 20km_exp setup to evaluate precipitation differences related to the choice of CP.
The spatial distribution of monthly precipitation was evaluated using data from the Asian Precipitation -Highly-Resolved Observational Data Integration Towards Evaluation of Water Resources (APHRODITE) project (Kamiguchi et al. 2010; Yatagai et al. 2012 ). The WRF model provides three-hourly integrated precipitation (mm 3h ) was obtained by integration of these data and was then averaged to obtain monthly precipitation. To compare diurnal variations in the simulated precipitation data, we used hourly
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Shiori Sugimoto 1 and Hiroshi G. Takahashi from the observations. The impact of the different horizontal resolutions on monthly precipitation was clearly evident in the NC experiments. For 10km_exp and 5km_exp without the CPs (10km_expNC and 5km_expNC, respectively), the normalized standard deviation (NSD) of the spatial distribution of monthly precipitation was between 1.0 and 1.5 for most months, and its spatial correlation coefficient (r) was greater than 0.6 (Fig. 2a ). The 20km_exp without the CPs (20km_expNC) also maintained an NSD of around 1.5, although it showed a lower correlation coefficient (r = 0.3−0.4) than the finer mesh-size experiment, except for April and July. A comparison of the topographic representation along 92°E among the three experiments revealed that the shape of the southern and northern slopes of the Meghalaya Plateau is smooth in 20km_ expNC relative to that in the other two experiments (Fig. 3 ). This orographic difference is likely to cause a northward shift of the maximum peak in monthly precipitation of 20km_expNC which is observed on the southern edge of the plateau, for both the pre-monsoon and mature monsoon seasons. In addition, 20km_expNC tended to predict decreased (increased) monthly precipitation over the southern region (22°N−24°N) during the rainfall data with a three-hour interval (mm h 
Model performance in terms of spatial distribution of monthly precipitation
The standard deviation and correlation coefficient of the spatial distribution of monthly precipitation were calculated between the APHRODITE data and the WRF outputs over the study region (22°N−27°N, 88°E−93°E), and are shown in Fig. 2 as a Taylor diagram (Taylor 2001) . Before performing the calculations, we interpolated the simulated precipitation data onto the same grid spacing as the APHRODITE data; i.e., 0.25°. The standard deviation of the simulated precipitation data was normalized using that (APHRODITE and simulated result). Numbers indicate the month (e.g., 4 = April). In legends, "NC" indicates experiments that do not use any cumulus parameterization, and "Gr", "KF", and "Be" indicate experiments using the Grell 3D ensemble, the Kain-Fritsch, and the Betts-Miller-Janjic schemes, respectively. The numbers appended to NC, Gr, KF, and Be in the legend indicate spatial resolution (e.g., 05 = 5 km grid-spacing).
pre-monsoon (mature monsoon) season (Fig. 3) , indicating a large seasonal variation in the experiment with the lowest spatial resolution. These differences in the precipitation simulations among the experiments using different horizontal resolutions influenced the lower r value in 20km_expNC. Note that the r value did not exceed 0.7 in any of the NC experiments, which suggests the impact of the microphysics scheme on precipitation.
The effect of the CP on precipitation distribution varied with the seasons (Fig. 2b) . For all experiments using the Gr scheme (20, 10, and 5km_expGr), as well as the 20km_exp using the KF scheme (20km_expKF), monthly precipitation was spatially simulated well in April; i.e., the NSD was approximately 1.0 and r was between 0.6 and 0.75. During May and June, the NSD was greater than 1.5, although r was greater than 0.5, reflecting the overestimated precipitation over the south of the Meghalaya Plateau (Fig. 3) . During the mature monsoon season, r decreased to approximately 0.2 (Fig. 2b ) due to excessive precipitation over the dry coastal region to the north of the Bay of Bengal in those simulations (not shown). We suggest that the increase in monthly precipitation during the pre-monsoon and mature monsoon seasons was caused by the active release of convective available potential energy (CAPE). In other words, precipitation induced by the CP scheme probably affects the amount of orographic precipitation during the pre-monsoon season, whereas it will control the spatial distribution of precipitation over the southern plain during the mature monsoon season. The 20km_exp run that used the Be scheme (20km_expBe) yielded an r value below 0.5, even though the NSD was between 0.6 and 1.2 (except for April) indicating that the behavior of 20km_expBe based on the convective adjustment clearly differed from the experiments using the Gr and KF schemes. The impact of the resolution of mountain topography on monthly precipitation, which was evident in the NC experiments, was not clear in the experiments that included the CP (Fig. 3) . This result indicates that the CP scheme has a greater effect on precipitation than does the spatial resolution.
Model performance in terms of diurnal variations in precipitation intensity and frequency
To evaluate the accuracy of the simulation of diurnal variations in precipitation intensity and frequency in the experiments with/without the CP, simulated precipitation was compared with that in the TRMM3b42 products for the pre-monsoon and mature monsoon seasons. We focused on area-averaged precipitation in two regions with differences in observed diurnal variations in precipitation: the southern plain (23°N−24.5°N, 89°E−92°E) and the northern mountainous area (25.5°N−27°N, 89°E−92°E; shown in Fig. 1c) . The difference in diurnal variations in precipitation between the observations and simulations is difficult to examine quantitatively, as the output unit-time of the WRF simulations differs from that used in the TRMM3b42 datasets; therefore, the differences are qualitatively discussed in this section.
Precipitation intensity during the pre-monsoon season
Over the southern plain, the TRMM3b42 products showed two peaks in precipitation intensity, one in the evening (1800 local time; LT) and the other in the early morning (0600 LT) during the pre-monsoon season (Figs. 4a and 5 ). The evening peak was captured in all experiments but the early morning peak was not well defined. A peak was observed at midnight (0000 LT) over the northern mountainous area, as also found in experiments with and without CPs (Figs. 4b and 5) . These results indicate that the WRF model simulated differing diurnal variations in precipitation intensity over the southern and northern regions, regardless of whether CP was used. However, all of the CP experiments yielded weak precipitation intensity with minor diurnal variations for all regions (not shown), and this resulted in weakened precipitation intensity relative to the experiments without a CP (Fig. 4) .
Precipitation frequency during the pre-monsoon season
As with precipitation intensity, the regional differences (between south and north) in diurnal variations in precipitation frequency were also evident in experiments both with and without the CP (Fig. 6) . Over the southern plain, in the experiments with the CP the simulated peak of precipitation frequency shifted to approximately six hours before that in the observations, as the simulated precipitation frequency was too great during the morning and early afternoon (Fig. 6a) . Betts and Jakob (2002) suggested that this overestimation of precipitation frequency is caused by the early onset of convective precipitation, which leads to an excessive release of convective instability in the CPs. In contrast, the NC experiments improved the timing of the peak frequency, which appeared in the evening. The occurrence of the peak pre- cipitation frequency tended to be delayed in the 20km_expNC run relative to the 5 and 10km_expNC runs. This result is consistent with the finding of Sato et al. (2008) , and suggests that the generation of convective clouds smaller than the mesh size was not well resolved.
Over the northern mountainous area, the simulated precipitation frequency decreased (increased) during the afternoon (around midnight) in all experiments, and this is consistent with the observations (Fig. 6b) . However, the CP schemes, especially the Gr scheme, tended to overestimate precipitation frequency throughout the day.
Precipitation intensity during the mature monsoon season
The difference in diurnal variations in precipitation intensity between the experiments with and without the CP scheme became large during the mature monsoon season (Fig. 7) . In the experiments with the CP, an evening peak was observed between 1800 and 2100 LT but was not simulated in the southern or northern regions. In addition, a midnight increase in simulated precipitation intensity persisted into the early afternoon over the southern plain, and started earlier over the northern regions. This resulted in a phase shift in the diurnal variations in precipitation intensity simulated by the CP runs that occurred several hours earlier than in the observations and NC experiment (Figs. 7 and S1 ).
For the NC experiments, the model performance with respect to precipitation intensity depended on the mesh size (Fig. 7) . The NC experiments based on the coarse mesh size (20 km) tended to increase precipitation intensity from evening to midnight relative to the experiments with a finer spatial resolution, as also reported by Sato et al. (2008) . The 5 and 10km_expNC runs showed more complex diurnal variations in precipitation intensity, which increased and decreased over periods of several hours, although the phase differed slightly from that of the observations.
Precipitation frequency during the mature monsoon season
In the experiments that used the CP, precipitation frequency in the morning and early afternoon was overestimated over the southern and northern regions during the mature monsoon season (Fig. S2) , as with the pre-monsoon season. The NC experiments showed no increase in precipitation frequency around midnight or in the early morning for both regions, and in particular over the area south of the mountains (i.e., the Meghalaya Plateau and the Himalayas; Fig. S3 ). This result suggests the importance of the dynamical effects of topography on precipitation, which is related Fig. 4 . Five-year-mean of diurnal variation in precipitation intensity averaged over (a) the southern plain (23°N−24.5°N, 89°E−92°E) and (b) the northern mountainous region (25.5°N−27°N, 89°E−92°E) during the pre-monsoon season (mean of April and May; grid-points which have the value for both two months are used for calculation). Upper panels include all simulated results and bottom panels show precipitation from the TRMM3b42 products. Legend (e.g., Gr05) as Fig. 2 . to the spatial resolution. Furthermore, we should pay attention to whether the spatial resolution can resolve the horizontal resolution of each cumulus convection cell, as shown in Sato et al. (2008) . For example, Kataoka and Satomura (2005) and Sato (2013) successfully simulated nighttime precipitation events during the mature monsoon season in this region in experiments using spatial resolutions of 2.0 and 3.6 km, respectively. As shown by these previous simulations, experiments with a spatial resolution finer than 5 km can be expected to improve the simulated nighttime precipitation during the mature monsoon season
Conclusions
The performance of the WRF model was evaluated in experiments using three spatial resolutions combined with runs with or without a CP scheme. For the spatial distribution of monthly precipitation, the experiments without the CP showed the effect of changing the horizontal mesh size. The orographic precipitation around the Meghalaya Plateau was not well simulated in the experiment using the 20km grid spacing, but this was improved in the experiments based on a finer mesh size. In contrast, spatial resolution had little effect on the simulated precipitation in the experiments with the CP. The overestimation of monthly precipitation caused by the excessive release of CAPE in the CP scheme controlled the simulation performance in terms of the spatial distribution of precipitation, especially over the southern plain.
The WRF simulated differences in the diurnal variations in precipitation intensity and frequency between the southern and northern regions during the pre-monsoon season in experiments both with and without a CP. However, during the mature monsoon season, the double peaks in the diurnal variations of area-averaged precipitation intensity and frequency were difficult to resolve, even in the finer mesh-size experiments without the CP. We suggest that accurate precipitation generation and termination is required spatially and temporally during both the daytime and nighttime to capture diurnal variations in precipitation during the mature monsoon season.
Common to both seasons, the CP continuously generated weak precipitation, which causes a weaker precipitation intensity with greater frequency relative to the experiment without the CP. An early appearance of the peak in precipitation frequency was seen in the experiments using the CP because of the excessive release of convective instability during the morning and early afternoon. The numerical experiments also suggest the need for a finer spatial resolution, in addition to explicit calculation of the cumulus convection that improved the thermodynamical process of moist convection, particularly if we are to resolve nighttime precipitation at south of the Meghalaya Plateau.
Climatic Data Center (NCDC; http://www.ncdc.noaa.gov/sst/). The daily APHRODITE precipitation data were obtained from the project web site (http://www.chikyu.ac.jp/precip/), and the hourly TRMM 3b42 precipitation datasets were downloaded from ftp:// disc2.nascom.nasa.gov/ftp/data/s4pa/TRMM_L3/TRMM_3B42/.
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Supplement
Supplementary Table 1 summarizes the numerical setup. Supplementary Figs. 1 and 3 (Figs. S1 and S3 ) are the same as Fig. 5 , but for precipitation intensity and frequency during the mature monsoon season. Supplementary Fig. 2 (Fig. S2) shows diurnal variations in precipitation frequency during the mature monsoon season.
